INTRODUCTION
Development of catalytic active nanostructured materials presents a special interest for application in fine organic synthesis of valuable substances [1] [2] [3] [4] . Palladium nanoparticulate materials are widely used as catalysts in hydrogenation reactions due to unique catalytic properties including possibility to provide reaction under mild conditions, compare to nanostructured materials containing other transition state metals (Pt, Ru, Ni, Fe etc.) [5] [6] [7] [8] [9] [10] . Palladium nanoparticles are ideal catalytic phase for hydrogenation reactions, as it easily dissociates hydrogen molecules under ambient conditions [11] . Typically Pd nanoparticles applicable for catalytic hydrogenation processes are stabilized by different supports including inorganic supports, mainly alumina, silica, titanium dioxide, zeolites and different polymers, including rigid polymer matrixes, polymer micelles and polymer gels [12] [13] [14] [15] [16] [17] [18] . Polymers are superior in stabilization of metal nanoparticles compare to inorganic supports, however, application of such systems for catalytic hydrogenation have several disadvantages, including rapid nanoparticles sintering in organic reaction media under high reaction pressure and temperature [19, 20] . Therefore application of traditionally used inorganic supports can be also attractive for synthesis of stable Pd nanoparticulate systems for application in catalysis [21, 22] . However obtaining high dispersion of active metal became an outstanding problem for nanoparticles supported on inorganic matrix [23] . Catalytic hydrogenation of nitro aromatic compounds is one of the most important application of Pd based catalysts, due to their high activity under mild conditions compare to catalysts containing Ni, Fe or Pt active species [10, 24] . Catalytic hydrogenation of pnitroaniline can be considered as an important reaction in the group of nitroaromatic catalytic hydrogenation reactions. Hydrogenation of p-nitroaniline is commonly used for synthesis of p-phenylenediamine an intermediate for aramid polymers production including Kevlar TM , Twaron TM [25, 26] . Typically reaction mechanism of p-nitroaniline hydrogenation contains several intermediates (Scheme 1) therefor reaction selectivity strongly depends on catalyst structure and operation conditions [5, 6, 8, 24] .
Additionally in case providing catalytic hydrogenation of p-nitrobenzene in reactive solvents, especially in alcohols additional side reactions can take place under high pressure and temperature in case of catalyst low selectivity. Here the synthesis of Pd based nanoparticulate catalysts over alumina, silica, activated Изв. вузов. Химия и хим. технология. 2019. Т. 62. Вып. 6 carbon providing high active metal dispersion is reported. Synthesized catalysts samples were characterized by different physicochemical methods including scanning electron microscopy, temperature programmed reduction, nitrogen physisorption, infrared spectroscopy and tested in p-nitroaniline catalytic hydrogenation process. Correlation of catalyst structure and its activity in p-nitro aniline hydrogenation process was found. 
Chemicals and materials
Palladium chloride (PdCl2·2H2O) (Vecton, Russia), sodium carbonate (Vecton, Russia), 2-propanol (99% Vecton, Russia). For the catalyst preparation high-purity gases (Ar 99.998%; H2 99.999%) were used. Chemical grade Al2O3, activated carbon ARD-2 were purchased from Reachim Ltd. Russia and were used for catalyst synthesis as received.
Synthesis of silica
To synthesize spherical silica nanoparticles 700 ml of distilled water was added to 500 ml of 2propanol in a flat-bottomed flask and solution was stirred for obtaining uniform solution. Then 200 ml of tetraethoxysilane was added to solution. The whole system was kept on mechanical stirrer for 30 min with mixing rate1500 rpm. Subsequently, the 50 ml of aqueous ammonia solution (60 wt. %) was added drop-wise to the reaction mixture during 30 min. The mixture was retained to stand for 120 min under stirring rate 1000 rpm. Then, the precipitate was filtered, washed with distilled water and dried at 473 К for 3 h on air.
Catalyst synthesis Synthesis of Pd based catalysts was made by precipitation of palladium hydroxide due to hydrolysis reaction by addition of 3 mM H2PdCl4 solution in water to a 1g of support (SiO2, γ-Al2O3, or activated carbon) suspended in 40 ml aqueous solution of 0.1 M Na2CO3 and 0.1M solution of sodium dodecyl sulfate using ultrasonic bath (Bandelin, 10P, Germany). The solution of H2PdCl4 was prepared in 0.1M hydrochloric acid (HCl). The suspension was mixed for 3 h at 308 K in ultrasonic bath. The catalysts sample was filtered, thoroughly washed with distilled water and dried at 338 K under air. Prior to kinetic experiments catalysts sample was reduced at 523 K for 60 min in the hydrogen flow in tube furnace than cooled to ambient temperature and flashed with nitrogen and immediately transferred to the catalytic reactor. Following samples were synthesized and denoted as 5 wt. % Pd/γ-Al2O3, 4 wt. % Pd/γ-Al2O3, 3 wt. % Pd/γ-Al2O3, 5 wt. % Pd/SiO2, 4 wt. % Pd/SiO2, 3 wt. % Pd/SiO2, 5 wt. % Pd/C, 4 wt. % Pd/C, 3 wt. % Pd/C using this methodology.
Temperature programmed reduction (TPR) study of catalysts
Temperature-programmed reduction (TPR) experiments were performed at a heating rate of 5 K/min from 25 K to 573 K in a gas mixture consisting of 10% H2 in Ar. Prior to reduction sample was flashed with helium for one hour at 378 K. Calibration was done by reduction of Ag2O powder. The gas flow rate was maintained at 30 ml(STP)/min for all experiments. The TPR curves were obtained using automatic chemisorption analyzer AutoChem HP 2950 (Micromeritics, USA).
Scanning electron microscopy (SEM)
The morphological characteristics of catalysts samples were examined by scanning electron microscopy (SEM, TESCAN, Vega-LSU) equipped with X-ray microanalysis (OXFORD INCA PentaFETx3). Scanning electron microscope images were collected at a magnification of 66.1 kX at 20 kV with scaning electrone detector.
Nitrogen physisorption Nitrogen adsorption-desorption isotherms were obtained at the normal boiling point of liquid nitrogen using a Beckman Coulter SA 3100 apparatus (Coulter Corporation, USA). Studied materials were preliminary degassed in a Beckman Coulter SA-PREP apparatus for sample preparation at 423 K in flow of inertial nitrogen.
Supports and catalysts study by Fourier transformation infrared spectroscopy (FTIR)
Qualitative and quantitative composition of studied materials surface was performed by diffuse reflectance IR spectroscopy using the IR-Fourier spectrometer IRPrestige-21 (Shimadzu, Japan) equipped with a diffuse reflection attachment DRS-8000 (Simadzu, Japan). All spectra were obtained in the wave number range 250-4000 cm -1 with a resolution of 4 cm -1 .
Pulse hydrogen chemisorption
Pulse chemisorption analysis was carried out in order to determine chemically-active metal's surface area and cumulative quantity of active metal by applying a pulse titration of the sample with the hydrogen. The patterns were obtained by means of AutoChem HP 2950 automatic chemisorption analyzer (Micromeritics, USA).
Catalysts activity experiments description
The activity of catalysts samples (5 wt. % Pd/γ-Al2O3, 4 wt. % Pd/γ-Al2O3, 3 wt. % Pd/γ-Al2O3, 5 wt. % Pd/SiO2, 4 wt. % Pd/SiO2, 3 wt. % Pd/SiO2, 5 wt. % Pd/C, 4 wt. % Pd/C, 3 wt. % Pd/C) was studied in hydrogenation of p-nitroaniline to 1,4-phenylenediamine in water solution of 2-propanol (0.68 mole fraction). The process was performed in titanium reactor (300 ml) equipped with two-blade stirrer and temperature-control. The catalytic activity was evaluated by measuring hydrogen consumption rate using volumetric method and gas chromatography [27, 28] . A hydrogen consumption rates were calculated as inclination angle tangent of hydrogen consumption kinetic curves. The Sheldon's filtration test was performed to insure absence of homogeneous catalysis due to palladium leaching from the catalyst surface [29, 30] . After reaction finishing reactor was flashed with nitrogen, then catalyst was filtered and washed with water solution of 2-propanol and dried in vacuum drier for one hour for further physicochemical analysis.
RESULT AND DISCUSSION
The temperature-programmed reduction study of catalysts Temperature-programmed reduction (TPR) profiles were obtained for 5 wt. % and 3 wt. % of catalysts to clarify particularities of palladium oxide and hydroxide reduction during catalysts activation in a stream of hydrogen. The TPR profiles collected for 5 wt. % Pd catalysts supported on silica, alumina and activated carbon are shown in figure 1 . The deconvolution of resulting broad peaks represents a view about quantity and forms of Pd species during palladium transformation into metallic state (Fig. 1) .
The physical meaning of a long plateau may be corresponded to reduction kinetics of different forms of palladium oxide and hydroxide to metallic palladium [31] . This process may be in a steady state for some time until the recovery of these forms of metal does not completely pass. According to the literature data, this absorption of hydrogen is associated with the reduction of palladium hydroxide and oxide films [31] . The absence of negative peaks also suggests that the path of the palladium species reduction does not include the stage of palladium hydrides decomposition [32] [33] [34] . Thus, it can be assumed that palladium oxide and palladium hydroxide reduces in to metallic palladium during catalysts treatment with hydrogen. The reduction process involves 4-6 reactions. According to the obtained profiles, it can be concluded that sufficient activation temperature should be higher than 373 -393 K [35, 36] . 
Scanning electron microscopy (SEM)
The SEM images (Fig. 2) show catalists particles befor activation, after activaton and after reaction. The surface of Pd catalist supported on alumina after reaction became more defect. The surface of silica based catalists remains stable during hydrogenation treatement and reaction.
Before activation
After activation Catalyst samples after reaction 5% Pd/γ-Al2O3 5% Pd/SiO2 5% Pd/C The average size of silica particles is 50-60 nm. The silica nanospheres presents as aggregated in all samples. The surface of acivated carbon change after activation due to palladium reduction and became more X-ray contrast. After p-nitrobenzene hydrogenation carbon based catalists shows some agregation of surface.
Nitrogen physisorption
The structural characteristics of the initial catalysts and after conducting 5 reaction cycles of 4-nitroaniline to 1,4-phenylenediamine hydrogenation are presented in table 1 and 2, the distributions of pore volumes are showed in tables 1s, 2s of supplementary materials.
According to the t-plot model, the presence of an internal surface was observed only for catalysts on activated carbon. But micro, meso and macropores presents on the surface of all samples. Due to the fact that the alumina morphology is crystalline, the absence of the internal pores and channels is the expected result. And it is quite clear that the external surface of alumina at the same time can have various defects and cracks.
The absence of the inner surface for silica is an interesting detail, because usually the amorphous silica synthesized by the sol-gel method is characterized by the presence of a porous structure [37, 38] .
Perhaps the catalytic phase of palladium formed on the inner surface in the pores. This explains the lack of internal surface in catalysts based on silica. The specific surface area according to Langmuir and BET for 5 wt. %, 4 wt. % Pd/SiO2 catalysts after reaction increased by 1.5 times while for 3 wt. % Pd/SiO2 sample specific surface area practically did not change. Increasing of surface area after reaction can be the result of the particles abrasion, as well as the leaching of soluble components remaining after synthesis in case of insufficient washing of the synthesized catalysts. The specific area of catalysts synthesized on γ-Al2O3 practically didn't changes. And in the case of palladium catalysts synthesized on activated carbon, the specific surface area decreased 1.5 -2 times, probably, due to activation carbon particles abrasion. 
FTIR of supports and catalysts
The FTIR spectra of initial catalysts samples, samples after activation with hydrogen and catalysts after 4-nitroaniline hydrogenation are presented on figures 2-4s. According to [39, 40] the large band between 1000 and 400 cm -1 can be attributed to characteristic absorption band of alumina and correspond to the stretching vibration of the Al-O-Al bond. Presence of carbon oxide and bicarbonate ions on catalysts surface is confirmed by two peaks between 1500 and 1370 cm -1 . These bands are still observed after the reduction of palladium by hydrogen, which indicates strong adsorption of these ions on the catalysts surface (3). However, the FTIR spectra of the spent catalysts have very weak bands at 1520 and 1386 cm -1 (4) . The wide band at 2100 cm -1 for Pd/γ-Al2O3 and γ-Al2O3 samples confirmed the presence of water. This band disappeared after catalyst treatment in a stream of hydrogen at 573 K (3). Superposition of hydroxyl groups vibration bands and tensile vibrations of adsorbed water molecules led to formation of a very large band centered near 3470 cm -1 [40] . Table 2 The values of specific surface area of catalysts after reaction 1) -specific surface area of mesopores; 2) -specific surface area of micropores; 3) -specific surface area of macropores Таблица 2. Значения удельной поверхности катализаторов после реакции 1)удельная поверхность мезопор; 2)удельная поверхность микропор; 3)удельная поверхность макропор In case of catalysts synthesized on silica the vibrations of hydrogen bond molecules (OH) appeared as bands centered at 3420-3468 cm -1 . The stretching and deformation vibrations of adsorbed water molecules give a signal at wavelength about 1640 cm -1 . The Изв PdO/SiO2 spectra has large peak centered around 2941 cm -1 , which is associated to the deformation of the C-H group: >CH-, -CH2-and -CH3 (2) . It means the hydrolysis of tetraethoxysilane was incomplete carried out. As result the surface methyl silica was formation. This was certified by broad peak in the range 1338-1500 cm -1 that can be assigned to the C-H deformation vibrations of aliphatic bands [41] . The intense bands appearing at 1059-1176 cm -1 can be attributed to asymmetric Si-O-Si stretching vibrations [41] . The spectra of Pd on gamma-alumina and silica are comparable. In the case of activated carbon and catalysts synthesized on activated carbon the vibrations of carboxyl and hydroxyl groups and other oxygen-containing surface groups appeared in the range from 500 to 2000 cm -1 [42] . The deformation vibrations of the C=O group can be attributed to the peaks in the range of 1635-1600 cm -1 and the formation vibrations of C-O-R group to the peak at 1014 cm -1 [42] .
The deformational-symmetric and asymmetric vibrations of the C-O group can be corresponded to the weak peaks at 2360 cm -1 , 1030 cm -1 [42, 43] . The sample of palladium on activated carbon 3 wt. % Pd/C has some difference in spectrum. For this sample a broad deformation vibrations lines of O-C=O, O-C-O presence in range 752-800 cm -1 [43] . The bands in the range of 1217-1085 cm -1 can be associated with the region of C-C skeletal vibrations (4) [43] .
The pulse chemisorption study The Pd catalysts synthesized on silica are characterized by largest specific surface area of active metals (0.8-1.3 m 2 /g), while Pd catalysts synthesized on alumina and carbon have lower specific surface of active metal (0.6-0.7 m 2 /g). This result can be attributed to stronger interaction of silica surface with palladium nanoparticle, preventing it from aggregation.
The activity of synthesized catalysts According to the UV-VIS spectroscopy data in all cases the hydrogenation of p-nitroaniline to p-phe-nylenediamine was close to 100% conversion. The examples of absorption spectra are shown in Fig. 6s . The kinetic curves of hydrogen consumption are shown in Fig. 6-8s . Comparison of initial activity of synthesized samples (Fig. 3) shows strong correlation of specific hydrogen consumption rate on mean diameter of palladium nanoparticles in catalysts. The increase of hydrogen consumption with decrease of average palladium nanoparticles diameter can be attributed to better accessibility of small nanoparticles to hydrogen and substrate that correlate to literature data [44, 45] . Catalytic activity of 5 wt. %, 4 wt. % and 3 wt. % Pd/γ-Al2O3 samples in 5 repeated cycles decreased by ~29.3%, ~32.6% and ~33.3% compare to initial activity. Evaluation catalytic activity changes of palladium catalysts synthesized on activated carbon showed hydrogenation rate decrease for 27% -34% after the 5 reaction cycle. Catalytic activity of palladium catalysts synthesized on silica showed hydrogenation rate decrease for 10-30% after the 5 reaction cycle. Visible decrease of catalytic activity in repeated cycles can be attributed to product adsorption over active sites of palladium species.
Conclusion A series of palladium based catalysts were synthesized using alumina, silica and activated carbon as nanoparticles supports and characterized by different physicochemical methods. Formation of metal palladium nanoparticles with mean diameter 10-40 nm on the support surface was observed during synthesis and palladium reduction by hydrogen. Different forms of palladium oxide and hydroxide were observed during reduction of active metal species in initial catalysts to metallic palladium. FTIR spectra of synthesized catalysts show palladium interaction with catalysts matrix.
Strong correlation of catalysts nanoparticles mean diameter with hydrogen consumption specific activity was noticed. The increase of active metal nanoparticles diameter from 10 nm to 20 nm results in appropriate decrease of hydrogen specific consumption from 0.015 mol(H2)/(mol(Pd)•s) down to 0.010 mol(H2)/(mol(Pd)•s). Further increase of active metal nanoparticle diameter does not affect catalysts activity. The increase of hydrogen consumption rate with decrease of average palladium nanoparticles diameter can be attributed to better accessibility of small nanoparticles to hydrogen and substrate.
